A method for isolating nuclei from tobacco leaves is described. Preliminary results indicate that the method may be generally applicable for isolating nuclei from plant tissues.
Introduction
In contrast to the great number of papers dealing with the isolation of nuclei from animal tissue, references to the isolation of nuclei from higher plants are few. Nuclei have been isolated from plant embryos in both nonaqueous 15, 33 and aqueous 19, 32 media and, in aqueous media, from roots 1> 9' 10, 22, leaves6' n , endosperm12, apical sections of seed lings 29, and exponentially growing plant cells in tissue culture 16 . One of these methods is only suita ble for preparation of small numbers of nucle i22; another is, by virtue of the unusual tissue required, of limited a p plicability 12; and others require spe cially constructed apparatuses to liberate the nuclei from the cells 10, 29 . Yields of nuclei obtained have, with several exceptions6,29, not been indicated; photomicrographs of the isolated nuclei, with few exceptions 1' 9> 22, 29, not been published. In some instances the isolated nuclei have been shown to retain certain of their normal biochemical func tions 6' 7 ' 16, 27, 28, 32, 33 . Media used in the isolations were, in all cases, sim ilar to those previously em ployed for isolation of anim al nuclei.
In an attempt to isolate nuclei from young to bacco leaves, we tried several of the above methods, including the two previously used to obtain tobacco leaf n u c le i6' u . In all cases the leaf homogenates contained few nuclei (less than 10% of the number in the starting m aterial), most of which were badly distorted or broken. In addition, some of the puri fication procedures yielded preparations grossly contaminated with cytoplasmic debris. Further pre liminary experiments, in which attempts were made to apply methods used successfully for isolation of animal nuclei to tobacco leaves, made it clear that, in agreement with the observations of A c c o l a 1, the isolation of plant leaf nuclei presents two problems not encountered in the isolation of nuclei from animals tissues: 1. Any treatment which breaks open the plant cell tends to deform or disrupt the nucleus. 2. Each green leaf cell contains several hundred chloroplasts, similar enough in size, shape, and density to the nucleus to present a serious sepa ration problem. These difficulties have now been overcome, the first through development of a new procedure for preparing leaf homogenates, the sec ond through minor modifications of existing methods for purifying nuclei.
Materials and Methods

Counting and Scoring Nuclei
To determine the concentration of nuclei in a given suspension, a measured volume of the suspension was mixed with an equal volume of 6% acetic acid -0.002 M calcium chloride -0.04% methyl green. The nuclei, which are stained blue by the dye, were then counted in a cell-counting chamber.
Each suspension of interest was scored for total nuclei and for undamaged nuclei. Total nuclei included all nuclei which had been released from the cells, except that fragments judged to represent less than half a nucleus were not scored. Undamaged nuclei included only nuclei which were free from large adhering cyto plasmic fragments, were approximately spherical in shape, had an unbroken perimeter, were about the same size as in the living cells (approx. 6 ju) , and which stained well with methyl green.
Cell Counts
The total numbers of cells in tobacco leaves of vari ous lengths were determined by a slight modification of the procedures described by M a k s y m o w y c h 21 and S u n d e r l a n d 35. The leaves were incubated 28 hrs at 38° in 120 times their weight of 5% chromic acid. The chromic acid was then removed, water containing 0.05% Tween 20 (polyoxyethylene sorbitan monolaurate) was added, and the tissue was broken into individual cells by several passages through a Dounce homogenizer14 with a clearance of 0.09 mm. The resulting cell sus pension was made up to a known volume with water containing 0.05% Tween. Aliquots were counted in a counting chamber after dilution with an equal volume of a 0.01% solution of light green.
Isolation Medium
The medium developed for isolation of the nuclei has the following composition: 0.004 M n-octyl alcohol -4% gum arabic -0.10 M sucrose -0.002 M calcium chloride -0.02 M trishydroxymethylaminomethane (tris). The pn of the medium is adjusted to 7.6 with acetic acid.
The gum arabic used in the isolation medium was purified as follows: One kg of commercial gum arabic was dissolved in 4 1 of water. The resulting solution was centrifuged 1 hr at 36,000 g, and the sediment was discarded. To the supernatant fluid, adjusted to pH 4.5, was added an equal volume of 95% ethanol. The re sulting precipitate was allowed to settle, and the super natant liquid was decanted. The precipitate was washed several times with 95% ethanol, once with 100% ethanol, and finally with diethyl ether, then dried in vacuo.
Preparation of Leaf Homogenates
Leaves, 25 to 55 mm long, are harvested from 30 to 60 cm tall tobacco plants (Nicotiana tabacum L. var. Samsun) which have been held in darkness for 24 to 36 hours. The leaves are immersed in isolation medium and infiltrated by placing them briefly under vacuum. After being incubated at 0C for 16 to 20 hours, the leaves are transferred to fresh isolation medium (2 to 5 ml per leaf) and homogenized for 30 seconds in a high speed blendor (Biihler Homogenizer, Edmund Bühler, Tübingen, Germany) consisting of a four bladed cutting knife rotating in a fluted glass container. The homogenizer is operated at top speed (56,000 rev/min).
In experiments to tbe described under Results, the effects of various modifications in the homogenization procedure, including modifications in the composition of the isolation medium, were investigated. In these experiments each homogenate was prepared from two leaves (usually about 30 mm long) and 10 ml of iso lation medium. Pairs of leaves for the homogenates in a given experiment were matched as to size and shape and were harvested from a group of plants of the same age and size.
Purification of Nuclei by Differential Centrifugation
A leaf homogenate is prepared as described above from 10 leaves and 20 ml of isolation medium. The homogenate is filtered through one layer of cheesecloth (150 -200 openings/cm2), then through two layers of cheesecloth, then four layers of cheesecloth, and, finally, through two layers of flannel. Residues from the filters are suspended in approx. 10 ml of isolation medium, and the resulting suspension is filtered as described above. The combined filtrates are centrifuged 10 min at 350 g. The supernatant liquid is carefully decanted and discarded, and the sediment is resupended in 12 ml of the isolation medium by vigorous shaking. The nuclei are sedimented (lOinin at 350 g) and resuspended in isolation medium (12 ml portions with vigorous shaking) two more times. The resulting suspension is centrifuged for 15 min at 25 g. and the sediment is discarded. The nuclei are then sedimented (10 min at 350 g) and resuspended in isolation medium (12 ml portions with vigorous shaking) three more times. The resulting sus pension is centrifuged 5 min at 25 g, and the sediment is discarded.
Purification of Nuclei by Combined Differential and Density Gradient Centrifugation
The procedure for preparing nuclei described above is followed through the first centrifugation at 25 g. The resulting suspension is centrifuged 10 min at 350 g. and the sediment is suspended in a small volume of isolation medium. To each 1.00 ml of this suspension is added 7.72 ml of a supersaturated sucrose solution prepared by dissolving 245 gm of sucrose in 100 ml of water and making the resulting solution 0.002 M with resect to calcium chloride, 0.002 M with respect to n-octyl alcohol, and 0.02 M with respect to tris-acetate buffer, ph 7.6. The resulting suspension of nuclei, which should have a density of 1.318 + 0.005, is layered over a portion of the supersaturated sucrose solution and centrifuged 10 min at 10,000 g (10,000 rev/min in Spinco Rotor SW 25) then, without stopping the cen trifuge, 45 min at 72,000 g (25,000 rev/min in Spinco Rotor SW 25) . During this time the nuclei collect at the interface between the two sucrose solutions. Upon completion of centrifugation, the bottom of the cen trifuge tube is punctured, and the nuclei-containing fraction is collected, diluted with 4 times its volume of isolation medium, and centrifuged 10 min at 500 g. The sedimented nuclei are resuspended in a convenient volume of isolation medium. The method of density gradient centrifugation described here is a slight modi fication of that used by B i r n s t i e l et al. for purification of nuclei from the apical sections of pea seedlings 8.
Experimental and Results
Influence of Various Factors on the Yield and Quality of Nuclei in Leaf Homogenates
Plant Size
When leaves of a given length were compared, those from older plants consistently gave better yields of nuclei than those from younger ones. The experiments in the present paper were all made with leaves from 30 -60 cm tall plants.
Leaf Size
The number of nuclei in the homogenate prepared from a given leaf is, for leaves 2 to 16 cm in length, directly proportional to the length (Fig. I) . The total number of cells in a leaf is, except for very large leaves, also proportional to the length (Fig. I ) , and, as a consequence, the yield of nuclei, expressed as percentage of the total nuclei, is nearly independent of leaf length; about 50% of the total number of nuclei ( = total number of cells) appear free in the homogenate. Microscopic examination of a leaf homogenate reveals the presence of some unbroken cells. These have been found (for leaves 35 mm long) to repre sent about 15% of the original cells. About two thirds of the nuclei originally present in the leaf can, therefore, be accounted for. The remaining third may have been destroyed during homogenization.
Method of Homogenization
In developing the method for preparation of leaf homogenates, various methods of disrupting the cells were investigated. Of the methods tested, treatment of the leaves in a high-speed blendor gave the best results. In Table I the yields and quality of nuclei found in homogenates prepared by several different homogenization methods are compared.
Octyl Alcohol
The effect of varying the concentration of n-octyl alcohol in the isolation medium is illustrated in Fig. II . The yield of nuclei increases with increasing alcohol concentration, reaching a maximum at about 0.004 M. As illustrated in Fig. I bation of the leaves with the isolation medium at 0^ prior to homogenization, reaching a maximum at about 20 hours. As demonstrated in Table II , octyl alcohol is the component of the isolation medium active during incubation. Increasing the temperature at which the incubation was performed was found to decrease the time required for the yield of nuclei to reach a maximum, but had no effect on the height of the maximum attained. Incubation was routinely performed at 0°, at which temperature the yield of nuclei readied a maximum in 16 to 24 hours. Leaves were infiltrated with the isolation medium prior to incubation to bring the medium in as close contact as possible with the leaf cells.
Gum Arabic
The effect of varying the concentration of gum arabic in the isolation medium is illustrated in Fig. IV . The yield of nuclei increases with increasing gum arabic concentration, reaching a maximum at a concentration of about 3 per cent. A number of high polymer substances including gum arabic, dextran, polyethylene glycol, methylcellulose, pectin, alginic acid, polyvinylpyrrolidone, and bovine serum album in were found to provide some degree of pro tection to the nuclei during homogenization. At low concentrations, however, all of these substances caused the cytoplasm of the disrupted cells to aggre gate with the nuclei. In the case of the negatively charged polymers (gum arabic, pectin, and alginic acid), but not of the other substances, this effect disappeared upon raising the polymer concentration.
Of the negatively charged polymers investigated, gum arabic had the most suitable solubility and viscosity properties and was, therefore, selected for inculsion in the isolation medium. D ounce and L itt have previously employed gum arabic in a medium for isolation of rat liver nu cle i13.
Sucrose
Sucrose solutions have found wide use in the preparation of animal nu cle i2. In the presence of sucrose, morphological features otherwise destroyed during isolation are retained 24. In addition, certain constituents which are normally leached from the nuclei in aqueous solutions are retained in the pres ence of isotonic concentrations of sucrose5-23. It was, therefore, thought advisable to include sucrose in the isolation medium. The effect of varying the sucrose concentration is illustrated in Fig. V . Up to a concentration of 0.1 M, sucrose seems to im prove the yield of nuclei; at hig h er concentrations, the yield is depressed.
Calcium Ion
In 1950 S c h n e i d e r and P e t e r m a n n rep o rted that the presence of calcium ion (0 .0 0 1 8 M) prevented the clum ping and distortion which otherw ise occu r red d uring the isolation of nuclei from m ouse spleen 30. Since th at tim e, calcium ion has routinely been added to m edia used fo r the isolation of nuclei.
The presence or absence of calcium chloride in the isolation m edium was found to have little effect on the yield or quality (judged m orphologically) of nuclei in leaf hom ogenates. Since the vacuole present in each m ature leaf cell contains relatively large am ounts of calcium s a lts 25, this is not su rp risin g . W hen nuclei were washed repeatedly w ith calciumfree isolation m edium , they exhibited a tendency to clum p which increased w ith successive w ashings. H om ogenates m ade w ith a m odified m edium in which the calcium chloride was replaced by 0.001 M ethylenediam inetetraacetic acid were nearly devoid of nuclei.
H ydrogen Ion Concentration
The cytoplasm of m ost p la n t cells is tho u g h t to have a pn n ear n e u tra lity 37. Because the contents of the cell vacuoles are acidic, how ever, a tobacco leaf hom ogenate prepared in an unbuffered solution has a pn of about 6. Several h y drolytic enzymes in the tobacco leaf have been found to have pn optim a n ear 5 17, 36. In order to m a in tain the pn of the leaf hom ogenates at a value sim ilar to that found in the cytoplasm and rem oved from the pn optim a of these enzymes, the isolation m edium was buffered w ith 0.02 M tris and adjusted to pn 7.6.
The yield and quality (ju d g ed m orphologically) of the nuclei in tobacco leaf hom ogenates was found to be little influenced by pn over the ran g e investi gated (pH 5 -8 ).
S u ljh ydryl Com pounds
The inclusion of sulfhydryl com pounds in the isolation m edium had no detectable effect on the yield or m orphology of the nuclei. D N A -dependent RNA polym erase activity, how ever, was g reatly en hanced w hen 0.005 to 0 .0 2 0 M 2-m ercaptoethanol was added to the isolation m edium . U nless otherw ise indicated, experim ents described in the presen t p a p er w ere m ade w ith isolation m edium co n tain in g no sulfhydryl com pounds.
D iethyl Ether
Im m ersion of tobacco leaves fo r 30 seconds in diethyl ether at 0 W followed im m ediately by h o m o genization in isolation m edium co ntaining no octyl alcohol yielded a hom ogenate co n tain in g nuclei in yields com parable to those obtained by the sta n d ard p rocedure. M any of the nuclei were, how ever, co n tam inated w ith ad h erin g cytoplasm ic fragm ents.
Reproducibility of the Homogeniza tion Method
The m ethod for p rep a rin g leaf hom ogenizates 
Separation of Nuclei from Other
Cell Constituents
The presence in leaf hom ogenates of large n u m b ers of starch grains, which were difficult to sep arate from the nuclei by centrifugation, could easily be avoided by holding the plants in darkness fo r 24 to 36 h rs p rio r to harvesting the leaves.
Cellulose fibers could be rem oved nearly q u a n ti tatively from the hom ogenates by filtration th ro u g h cheesecloth and flannel. Nuclei could be recovered in high yields in the filtrate if care was taken th at the filters did not become stopped and if the filter residues were washed w ith isolation m edium as described u n d er M aterials and M ethods. If these precau tio n s were not observed, losses at this stage were considerable. A p h o to m icro g rap h of a leaf hom ogenate after filtration th ro u g h cheesecloth and flannel is presented in cen trifu g atio n a po in t is reached (after about six cycles at 350 g) w here fu rth e r centrifugation no longer reduces the ra tio of contam inating particles (m ainly chloroplasts) to nuclei. The contam inating p articles : nuclei ratio s at this stage usually fell w ith in the range 0.2 5 to 1.5 if sm all leaves (25 -35 mm long) h ad been used as startin g m aterial. P re p a rations from larg er leaves were m ore heavily con tam inated. Y ields ranged from 30 to 60% of the n um ber of nuclei present in the hom ogenate. A p h oto m icro g rap h of a suspension of nuclei p repared by differential centrifugation is presented in Fig. V III. In addition to chloroplasts, which are evident in Fig. V III, such p rep aratio n s are contam inated w ith occasional la rg er m asses of cytoplasm ic m aterial including som e whole cells. E xam ination of p re p a rations stained w ith Feulgen reagent (nuclei p u rple) and light green (cytoplasm ic m aterial green) reveals, furth erm o re, th at about 20% of the nuclei contain ad h erin g cytoplasm ic tabs not readily seen w ith the phase contrast m icroscope or in p re p a rations stained w ith m ethyl green alone.
C leaner p rep a ra tio n s of nuclei were obtained by com bining differential cen trifu g atio n w ith density g rad ie n t cen trifu g atio n as described u nder M aterials and M ethods. The co n tam in atin g particles : nuclei ratio s of such p rep a ra tio n s w ere about half as great as fo r p rep a ra tio n s of nuclei obtained by differential cen trifu g atio n alone. L arg er m asses of cytoplasm ic m aterial, in clu d in g whole cells, were virtually ab sent, an d only about 5% of the nuclei were found to have ad h erin g cytoplasm ic tabs when stained w ith the Feulgen reagent and light green. Losses d u rin g density g rad ien t cen trifu g atio n were con siderable, am o u n tin g , in m any cases, to over 50% of the nuclei p resen t at the sta rt of this step. Yields in p rep a ra tio n s obtained by com bined differential and density g rad ie n t cen trifu g atio n ranged from 10 to 30% of the n u m b er of nuclei present in the hom o genate. A p h o to m icro g rap h of a suspension of nuclei p rep a re d by com bined differential and density g ra d i ent ce n trifu g atio n is p resented in Fig. IX . 
Characteristics of the Isolated
Nuclei
M icroscopic Appearance
Fine Structure
A n electron m icro g rap h of an isolated nucleus is p resented in Fig. X . The hom ogeneous, denselystain in g nucleolus is read ily discerned. Except for some vacuolization, the ex tran u cleo lar region of the nucleus is also hom ogeneous. T he vacuolization may be a resu lt of dam age o ccu rrin g d u rin g isolation. S im ilar vacuolization -p erh ap s to an even g reater degree -is evident in other published electron m icro g rap h s of p lan t nuclei 1' 29. The nucleus is su rro u n d e d by a characteristic double m em brane, the presence of which m ay p ro tect the nucleus from d am age d u rin g hom ogenization. N uclei which had lost p a rt or all of the m em brane were frequently d isto rted or broken.
Gel-Forming A b ility
If nuclei isolated by differential centrifu g atio n are suspended in concentrated salt solution (e. g. 0.4 M am m onium sulfate) and allowed to incubate a few m inutes at 3 0°, a viscous gel form s. F o rm atio n of such gels is characteristic of nuclei which contain highly polym erized D N A 20 and indicates th at the nuclei have escaped the action of certain cytoplasm ic enzymes d uring isolation 14.
E nzym atic A ctivity
It is now generally recognized th a t isolation of nuclei in aqueous m edia m ay result in loss of soluble nuclear enzymes 2> 31, 34. Loss of such enzymes is not inevitable, how ever; thym us nuclei isolated in aq u e ous sucrose solutions have been dem onstrated to retain not only soluble proteins, including several soluble enzym es34, b ut even such low m olecular weight com pounds as m o n o n u cleo tid es23. N uclei isolated in aqueous m edia have retained such com plex functions as the ability to accum ulate am ino acids and nucleosides by active tr a n s p o r t3 and the ability to synthesize protein and RN A 4> 27.
The extent to which nuclei isolated as described in the foregoing sections have retained their charac teristic enzym atic activities is cu rren tly un d er in vestigation. P re lim in ary results indicate th at nuclei isolated by differential centrifugation retain a DNAdependent RN A -synthesizing system .
Range of Applicability of the Isolation Method
Results described so far have been obtained w ith tobacco leaves. P relim in ary experim ents indicate, however, that the m ethods described are generally applicable to isolation of nuclei from h igher plant tissues. Good yields of intact nuclei w ere obtained in leaf hom ogenates of the pea, Pisum sativum L., and onion, Allium cepa L., and fa ir yields were obtained in hom ogenates of the stem s and roots of tobacco using the norm al hom ogenization procedure. To obtain nuclei containing hom ogenates from the leaves of spinach, Spinacia oleracea L., it was found necessary to increase the calcium chloride concen tratio n in the isolation m edium to 0.03 M, p re sum ably due to the high oxalic acid content in spinach leaves 18. W ith the needles of a pine, Pinus nigra A rnold, difficulty was experienced; nuclei in hom ogenates p rep ared by the sta n d ard procedure proved to be unstable and grad u ally d isintegrated d u rin g purification. W ith this exception it proved possible to p u rify , to various extents, the nuclei from all the above hom ogenates using the technique of differential centrifugation described u n d er M aterials and M ethods. M odifications in the cen trifu g atio n schedule w ould certainly have im proved the results in some instances, but this line of investigation was n ot p u rsu ed fu rth er.
Discussion and Conclusions
T h at p lan t leaf nuclei are destroyed by procedures used w ith wide success to p rep are nuclei-containing hom ogenates from anim al tissues m ight reasonably be explained in the follow ing alternative w ays: 1. Each p lan t leaf cell is su rro u n d ed by a tough wall com posed of cellulose and various oth er p o ly saccharides; any treatm ent vigorous enough to d is ru p t this wall disrupts the nucleus also. 2. Each m ature p lan t cell contains a vacuole filled w ith a solution of various in o rganic and org an ic solutes, some in relatively high co n cen tratio n s; release of the contents of this vacuole d u rin g hom ogenization results in destruction of the nucleus. The observation th at the yield of nuclei from younger leaves, which have a much sm aller vacuole and a less highly de velop cellulose wall, is no b etter than th at from older ones speaks against these hypotheses. The find ing of A c c o l a that the yield of nuclei from onion roots p retreated w ith enzymes to p artially digest the cell wall was no g reater than th at from u n treated tissue 1 provides fu rth er evidence ag ain st the first of these hypotheses. One m ust consider the possibility th at the frag ility of p lan t nuclei results from some fundam ental stru ctu ral difference between p lan t and anim al nuclei.
T he m odes of action of the v arious com ponents of the isolation m edium in p rotecting p lan t cell nuclei can, at present, only be surm ised. Octyl alcohol, each molecule of which has both a h y d ro philic and a hydrophobic portion, m ay well exert its protective effect via an interaction w ith the lip o pro tein of the nuclear m em brane. C hloroplasts, which are p resum ably su rro u n d ed by a sim ilar m em brane, seem also to be protected by octyl alcohol from destruction d u rin g hom ogenization. Sucrose and gum arab ic m ay owe p a rt of th eir effectiveness to th eir effect on the tonicity of the m edium . Gum arab ic, in addition, prevents aggregation of the cell constituents in the hom ogenate, an effect which m ay be attrib u ted to its polyanionic nature. The role played by calcium ion is unclear.
T hat high speed hom ogenization is m ore suitable th an v arious " m ild er" m ethods fo r prep arin g leaf hom ogenates, although surprising, has a precedent in the w ork of C h a y e n and B e n f i e l d 10 and of th at of A c c o l a 1 .
A lthough isolation of nuclei from anim al tissues can, in m ost cases, be satisfactorily accom plished by existing m ethods, instances in which difficulty is experienced are reported from tim e to tim e, and in such cases the above-described m ethod for p rep arin g hom ogenates m ight be tried to advantage. Zeitschrift für Naturforschung 1 9 b , p. 532 a. 
